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Abstract

We discuss the phenomenology of the lightest SU(3)¢ singlet and
non-singlet technihadrons in the Straw Man Model of low-scale tech-
nicolor (TCSM). The technihadrons are assumed to be those arising
in topcolor—assisted technicolor models in which topcolor is broken
by technifermion condensates. We improve upon the description of
the color—singlet sector presented in our earlier paper introducing the
TCSM (hep-ph/9903369). These improvements are most important
for subprocess energies well below the masses of the pp and wr vector
technihadrons and, therefore, apply especially to eTe™ colliders such
as LEP and a low—energy linear collider. In the color—octet sector, we
consider mixing of the gluon, the coloron Vg from topcolor breaking,
and four isosinglet color—octet technirho mesons prs. We assume, as
expected in walking technicolor, that these prg decay into gq, gg, and
grr final states, but not into w77, where 77 is a technipion. All the
TCSM production and decay processes discussed here are included in
the event generator PYTHIA. We present several simulations appro-
priate for the Tevatron Collider, and suggest benchmark model lines
for further experimental investigation.
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1. Overview of the TCSM

In this paper we improve and extend the “technicolor straw man model”
(TCSM) [1] of collider signatures for dynamical electroweak and flavor sym-
metry breaking. The TCSM is a simple phenomenology of the lowest—lying
vector and pseudoscalar technihadrons expected in technicolor theories which
have both a walking gauge coupling ar¢ and topcolor interactions to generate
the large mass of the top quark.

The main improvements arise in the color SU(3)¢ singlet sector of the
model. The treatment in Ref. [1] assumed fermion—antifermion annihilations
to technihadrons occurred at subprocess cm energy v/§ ~ M, .. This isis
appropriate in a hadron collider where the parton v/§ sweeps over the narrow
TCSM resonances and is, therefore, strongly dominated by the poles. In this
paper we modify the production amplitudes to make them accurate for v/3
below the resonances as well. These modifications involve adding the con-
tinuum amplitudes including, where appropriate, the three-point anomaly
amplitudes for production of an electroweak gauge boson and a technip-
ion [2, 3]. This is particularly appropriate for technihadron searches at e*e~
colliders such as LEP [4, 5, 6, 7] (and the proposed linear collider if its early
stage has /s < 300 GeV).

Our extension of the TCSM includes several low—lying color—non-singlet,
isosinglet states—four vector prg’s, the massive topcolor gauge boson, Vg,
and a neutral pseudoscalar myg. These particles are most readily produced
and detected in hadron colliders—the Tevatron and the Large Hadron Col-
lider (LHC)—because of their relatively large coupling to gluons. We have
incorporated the improved and extended production processes in the event
generator PYTHIA [8] to allow detailed investigation by collider experiments.

The modern description of technicolor [9, 10] requires a walking techni-
color gauge coupling [11] to evade unwanted flavor-changing neutral currents
and the assistance of topcolor interactions that are strong near 1 TeV [12, 13]
to provide a large top quark mass. Both these elaborations on the basic tech-
nicolor/extended technicolor (TC/ETC) proposal require a large number Np
of technifermion doublets. Many technifermions are needed to make the beta
function of walking technicolor small. Many also seem required in topcolor-
assisted technicolor (TC2) to generate the hard masses of quarks and leptons,
to induce the correct mixing between heavy and light quarks, and to break
topcolor symmetry down to ordinary color (via technifermion condensation).



A large number of technidoublets implies a small technipion decay constant
Fr ~ F.//Np, where I, = 246 GeV. This, in turn, implies a technicolor
scale Arc ~ Fr and masses of a few hundred GeV for the lowest-lying tech-
nihadrons (77, pr, wr) [14, 15]. The signatures of this low—scale technicolor
have been sought in Run I of the Tevatron Collider [16, 17, 18, 19, 20].
In the past two years, several LEP experiments have published limits on
color—singlet technihadrons [5, 6, 7] which in some cases exceed those set at
Fermilab. Run II will significantly extend the reach of Run I in color—singlet
and octet sectors. If these low-scale technihadrons exist, they certainly will
be seen in LHC experiments [21].

The TCSM provides a simple framework for these searches. First, and
probably most important, we assume that the lowest-lying bound states of
the lightest technifermions can be considered in isolation. The lightest tech-
nifermions are expected to be an isodoublet of color singlets, (17, Tp). Color
triplets, discussed below, will be heavier because of SU(3)c contributions
to their hard (chiral symmetry breaking) masses. We assume that all tech-
nifermions transform under technicolor SU(Nyp¢) as fundamentals. The elec-
tric charges of (T, Tp) are Qu and @p = Qu — 1. The color—singlet bound
states we consider are vector and pseudoscalar mesons. The vectors include
a spin-one isotriplet p%’o and an isosinglet wy. In topcolor-assisted techni-
color, there is no need to invoke large isospin-violating extended technicolor
interactions to explain the top-bottom splitting. Thus, techni-isospin can
be a good approximate symmetry, so that pr and wr are nearly degenerate.
Their mixing will be described in the neutral-sector propagator matrix, Ay,
in Eq. (21) below. The new, improved formulas for the decays and production
of these technivector mesons will be presented in Sections 2 and 3.

The lightest pseudoscalar (Ty, Tp) bound states, color—singlet technipi-
ons, also comprise an isotriplet H%’O and an isosinglet 11%. However, these
are not mass eigenstates. Our second important assumption for the TCSM
is that the isovectors are simple two-state miztures of the longitudinal weak
bosons Wi, Z9—the true Goldstone bosons of dynamical electroweak sym-
metry breaking in the limit that the SU(2)®@U(1) couplings g, ¢’ vanish—and
mass-eigenstate pseudo-Goldstone technipions 77, m9:

T7) = sin x [Wz) + cos x |77) . (1)

We assume that SU(Nr¢) gauge interactions dominate the binding of all
technifermions into technihadrons. Then the decay constants of color—singlet



and nonsinglet 7y are approximately equal, 'y ~ F,/\/Np, and the mixing
angle is given by

siny ~ Fr/F, ~1/\/Np < 1. (2)

Similarly, [TI¥) = cos y ' |7%) + -, where y ' is another mixing angle and
the ellipsis refer to other technipions needed to eliminate the two-technigluon
anomaly from the IIY chiral current. It is unclear whether, like p7 and
wr, these neutral technipions will be degenerate as we have previously pro-
posed [15]. On one hand, they both contain the lightest 77" as constituents.
On the other, because of the anomaly cancellation, 7% must contain other
heavier technifermions such as the color triplets we discuss below. If 7% and
7Y are nearly degenerate and if their widths are roughly equal, there may be
appreciable 79— mixing and, then, the lightest neutral technipions will be
ideally-mixed Ty Ty and TpTp bound states. Searches for these technipions
ought to consider both possibilities: they are nearly degenerate or not at all.

Color—singlet technipion decays are mediated by ETC and (in the case of

) SU(3)¢ interactions. In the TCSM they are taken to be [22]:

- 1
D(mr — f'f) m Nypys Cff(mf + myi)?
1 3
(g — gg) = 128772 a¢, Oty Nio M, (3)

Like elementary Higgs bosons, technipions are expected to couple to fermion
mass. Thus, (5 is an ETC-model dependent factor of order one except
that TC2 suggests |Cy;| < my/my so that there is not a strong preference
for technipions to decay to (or from) top quarks. The number of colors of
fermion f is Ny. The fermion momentum is py. The QCD coupling a¢ is
evaluated at My,; and C7, is a Clebsch of order one. The default values
of these and other parameters are tabulated at the end of this paper. For
M, < m;—my, these technipions are expected to decay as follows: 7§ — cb

or 5 or even 7Yu,; 7% — bb and, perhaps ce, 7H77; and Y — gg, bb, ce,

.

The breaking of topcolor to ordinary color is most economically achieved
by color—triplet technifermions [23]. Therefore, we expect SU(3)c—nonsinglet
technihadrons to exist. The lightest of these may have masses not very much

larger than their color—singlet counterparts. Production and detection of



color-nonsinglet py and 77 have been studied before, both theoretically [24,
25] and experimentally [18, 19, 20]. In these studies it was assumed that
there exists one doublet of color-triplet technifermions, one or more doublets
of color—singlets, and their associated technihadrons. In the likely case that
techni—isospin is a good symmetry, the most accessible states would then be
an isosinglet prg, produced as an s—channel resonance in gq and gg collisions,
and the technipions (as well as dijets) into which prs may decay. With the
advent of TC2, this simple model became obsolete.

In TC2 models, the existence of a large ¢ (but not bb) condensate and
mass is due to SU(3); @ U(1); gauge interactions which are strong near
1 TeV [13]. The SU(3); interaction is —b symmetric while U(1); couplings
are t—b asymmetric. This makes these forces supercritical for the top quark,
but subcritical for bottom. There are weaker SU(3); @ U(1)y gauge interac-
tions in which light quarks (and leptons) may or may not participate.

The two U(1)’s must be broken to weak hypercharge U(1)y at an energy
somewhat higher than 1 TeV by electroweak—singlet condensates [23]. This
breaking results in a heavy color—singlet Z’ boson whose physics we do not
consider in this paper (see, however, Refs. [26, 27]). The two SU(3)’s are
broken to their diagonal SU(3)c subgroup. When this happens, a degener-
ate octet of “colorons”, Vs, mediate the broken topcolor SU(3) interactions.
There are two variants of TC2: The “standard” version [13], in which only
the third generation quarks are SU(3); triplets, and the “flavor—universal”
version [28] in which all quarks are SU(3); triplets. We consider both in this
paper.

In either version of TC2, the SU(3)’s are economically broken to SU(3)¢
subgroup by using technicolor and U(1); interactions, both strong near 1 TeV.
Following Ref. [23], we assume the existence of two electroweak doublets of
technifermions, Ty = (Uy, Dy) and Ty = (U, Dy), which transform respec-
tively as (3,1, Npc) and (1,3, Nrc) under the two color groups and tech-
nicolor. The desired pattern of symmetry breaking occurs if SU(Np¢) and
U(1); interactions work together to induce electroweak and SU(3); @ SU(3),
noninvariant condensates (which, of course, preserve SU(3)¢c and U(1)gar)

(U Usg) = _I/VZ'[]‘]*ATv (D1, D;R) = _I/Vi]D*ATv (i, =1,2). (4)

Here, WY and WP are nondiagonal U(2) matrices and Ay ~ A3... Assuming

the condensates are parity—conserving, (I/VZ»U’D)* = WjU’D. Then, unitarity



implies
Wi + WP =0,
Wi = (W)™ = eory/1 — (wi?)2, (5)

where ¢y p are phases to be chosen.

This minimal TC2 scenario leads to a rich spectrum of color-nonsinglet
states readily accessible in hadron collisions. We concentrate on the lowest—
lying isosinglet color octets. In addition to the colorons, Vg, these include four
prs formed from TiTj, and a technipion mrg. These states are constructed in
Section 4. In Section 5 we discuss the decay rates of prg and Vg under the
simplifying assumption that M, . < 2M_ .. As in the color-singlet TCSM,
this is likely because the large coupling of walking technicolor significantly
enhances the ETC contribution to My, [14]. In the extreme walking ar¢
limit, M., ~ M,,. In Section 6 we present the dijet production cross
sections, using the fully mixed propagator of gluons, colorons and the four
prs. These cross sections are now encoded in the PYTHIA event generator [8].
Simulated signals (at the parton level) appropriate to Run I of the Tevatron
Collider are presented in Section 7, with special attention to the effects on
the ¢t invariant mass distribution.

Two comments are in order before moving on. First, it has been argued
in Ref. [29] that By By mixing constrains My, tan f; > 1-2TeV in standard,
but not flavor—universal, TC2 (also see Ref. [30]). Here, 65 is the SU(3);—
SU(3)2 mixing angle defined in Section 4 below. This constraint relies on the
form of quark mass and mixing matrices expected in ETC/TC2. We view as
independent and complementary the limit on My, tan 05 that may be derived
from collider jet data. Second, Bertram and Simmons have used D@ jet
data from Run I to place the limit My, tan ;3 > 0.84 TeV in flavor—universal
TC2 [31]. Their analysis did not include the potential complicating effects of
prs and their interference with V. Our TCSM analysis closes this loophole.
We find limits on the coloron mass as high or higher than theirs.

2. Decays of Color—Singlet p; and wy

In the limit that the electroweak couplings ¢, ¢’ = 0, the py and wy decay as

pr — UHplly = cos? y (mrmr) + 2sin x cos x (Wrmr) + sin® x (W W) ;
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wr — Hpllylly = cos® x (rpmrmy) + -+ . (6)
The pr decay amplitude is

M(pr(q) = mal(p1)7B(p2)) = 9oy Can €(q) - (p1 — P2), (7)

where ¢(q) is the pr polarization vector; a,, = g7 /41 = 2.91(3/Nr¢) is
scaled naively from QQCD and Nyp¢ = 4 is used in calculations; and

sin? y for WHW; or WL 7z
Cap =4 sin X cosy for Wihap Wrnd or WiEnd, 207 (8)
cos? x for nfny or wind.
The pr decay rate to two technipions is then (for later use in cross sections,
we quote the energy-dependent width for a pr mass of \/37)

£+, 0

2a,.Cip p°
F(PT — 7TA7TB) F(PT — TATR) = —rAp (9)

3 57

where p = [(§ — (M4 + Mp)*)(5 — (M4 — MB)Q)]%/Q\/E is the 77 momentum
in the pr rest frame.

Walking technicolor enhancements of technipion masses are likely to close
off the channels pr — mrmr, wr — wpaprmr and even the isospin—violating
wr — mrrr [14]. A p§ of mass 200 GeV, say, may then decay to Wymy
or WrWp, but such wr decays are strongly suppressed (see Eq. (15 below).
Therefore, all wy decays are electroweak: wr — 7%, Z%%, W*rE, and ff.
Here, Z and W are transversely polarized. ! Furthermore, since we expect
sin®y < 1, the electroweak decays of pr to the transverse gauge bosons
~v, W, Z plus a technipion may be competitive with the open-channel strong
decays.

As discussed in Ref. [1], the amplitude for V = pr,wr decay to any
transversely polarized electroweak boson (G plus a technipion is given by

MWela) = Glper(pe)) = ™ Gl) o) v (10)
%(6((]) € (pr1)g-pr—€elq) - prLe(p) - q) )

1Strictly speaking, the identification of W and Z decay products as longitudinal or
transverse is approximate, becoming exact in the limit of very large M, ...



The first term corresponds to the vector coupling of G to the constituent
technifermions of Vr and wr and the second term to its axial-vector cou-
pling. The technicolor—scale parameter My is expected to be of order several
100 GeV. ? The mass parameter M, is expected to be comparable to My .
Note that the amplitudes for emission of longitudinally polarized bosons in
Eq. (7) and transversely polarized ones in Eq. (10) are noninterfering, as
they should be. Adopting a “valence technifermion” model for the graphs
describing Eq. (10)—a model which works very well for w, p — 7 and 7 in
QCD—CP-invariance implies that the V' and A coefficients in this amplitude
are given in our normalization by *

Woarr =2Te(Quid@h,, @L1) . Avecer =2T0(QuilQh, QL,1).
(1)

In the TCSM, with electric charges Qur, @Qp for Ty, Tp, the generators () in
Eq. (11) are given by

1o
o = {5 1)
1
O = (3 _0;) pr@l—:%(g (1))
o1 4) o
Qro = COSX’((%) (l))
2

_ [ Qu 0 _
Q’VV - ( 0 QD)’ Q’VA_O

o = (o 0

: 1 .2
sin Oy cos Oy 0 —7 — Qpsin® Oy

1 1
QZA = T 4 1
sin Oy cos Oy 0 3
2The corresponding p — y7 parameter in QCD is about 400 MeV. A large-N¢ argu-
ment implies My ~ (Fp/fr) 400 MeV ~ 350 GeV.
3We have neglected decays such as p% — WrWp and p% — Wy Wy, The rate for the

former is suppressed by tan? x relative to the rate for p — Wy while the latter’s rate
is suppressed by «.




Process WorGry Av,Gry ‘ I'(Vp — Grr) ‘
wr = YTy Cy 0 0.115 c><
—>’y7r%’ (QU‘|‘QD)CX’ 0 0.320 Ci
— 7070 ¢y, cot 20y 0 2.9 x 10~ 30?<
— ZOTI'%/ _(QU‘I‘QD) CX/tELH(QW 0 5.9 x 10~ 302/
— WrF ¢y /(2sin Oyy) 0 2.4 x107¢}
P Qo+ Qoo 0 0.520
— Cyr 0 0.115 ¢},
— 7979, —(Qu + Qp) ¢, tan Oy 0 5.9 x 10_30?<
— 707 ey cot 20 0 2.9 x 10_302/
o W?T;E 0 te, /(2sin Oy) 0.143 cg
PT — YTF (Qu+ Qp)cy 0 0.320 ¢
— Zowqi« —(Qu + Qp)cytan Oy | +Le, [sin 20y 0.153 ci
— W*rd 0 Feo/(2sin Oy ) 0.143 ¢2
— WErd ¢y r/(2sin Oyy) 0 2.4 x 10_202,

Table 1: Amplitudes and sample decay rates (in GeV) for Vi — Grp. In the
rate calculations, My, = 210 GeV, M., = 110GeV, My = M4 = 100 GeV;
technifermion charges are Qu + Qp = %; ¢, = cosy and ¢,r = cosx’;
Gy and G4 refer to decays involving the vector and axial-vector couplings,
respectively. Rates involving both couplings are summed in the last column.

1 0 1
_ o __nt _
Qus = Qe = —Qus = Q- 72\/§sinew(0 0). (12)
The decay rate for Vi — Grrp is
Vg PP | oA} 3ME + 2p?
T(Vy — Grp) = —VaGre P @ VeGrg P BME +2p7) (13)

3MZ 6.M2 ’

where p is the G-momentum in the V7 rest frame. The V' and A coefficients
and sample decay rates are listed in Table 1. These are to be compared with

the rates for decay into longitudinal W and Z bosons plus a technipion. For
M, =210GeV, M., =110GeV, and Nyc = 4, they are

F(PT — ZLWT) =

o wi 7TT) = 2.78sin? y cos® Y

0.89 sin? y cos? x . (14)



For sin® y = 1/9, our nominal choice, and for My = M, = 100 GeV, the
rates for pr and wr — ~mr and for pr — Wrmp, Zrmr via axial vector
coupling are comparable to these. Obviously, these transverse boson decay
rates fall quickly for greater My and M.

The rate for the isospin-violating decay wr — WEnF can be estimated
as

D(wr — WETE) = el T(p = WiinF). (15)

where €, is the pr—wr mixing amplitude. In QCD, |¢,,| >~ 0.05, so we expect
this decay mode to be entirely negligible.

Finally, for completeness, we record again the decay rates for pr,wr —
ff. The pr decay rates to fermions with N; = 1 or 3 colors are

- N Oé2p N ~ ~ * 4 A
Doy = fif) = 5 (3= md) AE) + 6m? Re(Ai(3)Aip(2))) -
oT
(16)
U(pt — fifl) = Nya’p (2§2 —3(m? + m/»z) — (m? — m{z)z) AF(3)
T 7 6OépT§2 7 7 7 7 7 ”

where a unit CKM matrix is assumed in the second equality. The quantities
A; are given by

e ~ 5P
‘ 8sint Oy |5 — M3, |7
AYE) = JAL(S)]P + |Air(5)?, (17)

where, for A = L, R,

o 2;» cot 20w $
Ain(s) = @it sin 20w <§ — MQZ) ’
Q = Tgi — QZ sin2 (9W 5
Gr = —Qisin® by . (18)

Here, @; and T5; = +1/2 are the electric charge and left-handed weak isospin
of fermion f;. Also, M%/V,Z = M%V,Z — V3 I'w,z(8), where 'y, z(8) is the weak

boson’s energy-dependent width. 4

“Note, for example, that I'z(s) includes a tf contribution when 8 > 4m?.
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The wy decay rates to fermions with Ny colors are given by

N;o?p

C(wr = fifi) = ((3 = m?) BY(3) + 6m? Re(Bir(3)Bx(3))) . (19)

3o, s
where

B(3) = [Bin(3)] + [Bir(3)

2
’

A

4@'/\ sin2 ew< S
- M

Bu(s) = [Qi— )] (Qu+Qp).  (20)

sin? 260y

3. Color—Singlet Technihadron Production Rates

In this section we list the cross sections for the hadron collider subprocesses
qq — Vr — wrmr, Grr, and ff. The e”e™ cross sections are obtained from
the corresponding ¢;q; ones by multiplying the latter by 3. To include pr—wr
interference in these cross sections, we use the mixed y—Z%p%—wr propagator
matrix Ag. Tt is the inverse of °

S 0 o 8 Jywr

0 S — MQZ SprT SfZUJT
Sf’W)T SfZPT S M/ZJOT 0
$fywr 8707 0 8= MZJT

AF'(s) = (21)

To guarantee a photon pole at s = 0, we assume only kinetic mixing between
the gauge bosons and technivector mesons. In setting the off-diagonal p%—
wr elements of this matrix equal zero, we are guided by the smallness of
this mixing in QCD and by the desire to keep the number of adjustable
parameters in the TCSM small. This mixing can always be added if desired.
The properly normalized GV couplings are

favr =26 T1(Qa QL) 5 (22)

®Note sign changes in the off-diagonal elements relative to the propagator matrices in

Ref. [1].
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in particular, f,,. =&, frwr = E(Qu + @p), [2or = € cot 20w, and fz,,.,. =
—&(Qu+Qp) tan Oy, where € = (/a/a,.. In the charged sector, the W*-—pE
matrix is the inverse of

s— Mk sfwo, ) (23)

-1 .
Ai (S) N ( SprT S — Mi:{:

where fw,. = £/(2sin 0w ).
The rates for production of any technipion pair, mamg = W W, Wrrr,
and 77, in the isovector (pr) channel are:®

do(qiqi — ming)
di
Ta?Chg(48p* — (1 —0)?) R _
= - S0 (A + )2

2@'/\ cot 2(9W n _1 n QZ COS 2(9W —|— 26/\ 2
sin 20w (AZZ(S) + prTAZpT(S)) + ( sin 20w Byz| »
and
do(wid; — 7imy)  walChip(48p* — (t —10)?)
dt B 96 sin? Oy 52
2
X\ Aww (8) + farp, Awor(3)] (25)

where p = [(§ — (M4 + Mp)?*)(5§ — (M4 — ]\4]3)2)]%/2\/57 is the 5-dependent
momentum of 74 5. As usual, f = M} — V§(E4 — peosf), & = M3 —
\/ST(EA + pcos ), where 6 is the c.m. production angle of m4. The factor
45p* — (f — @)% = 43p?sin? 0. Because the pr—wr mixing parameter ¢, is
expected to be very small, the rates for ¢;g; — wr — 775 are ignored here.

The production of a transverse gauge boson plus technipion, Grrp, is
dominated by the pr, wr poles. However, in the limit M, — 00, 1t still

T,WT

SFor WTW~ and W*Z° production, one should add the standard model ¢ and u—
channel amplitudes to the technicolor—modified s—channel amplitude. This is a small
correction for a narrow pr when one effectively is always near the pole, as in a hadron
collider. For a lepton collider far below the ppr pole, these contributions are important.
Similarly, the terms involving A, Azz and A,z in Eq. (24) are important only far below
the pole. They are relevant for LEP, but not the Tevatron.

12



proceeds via the usual axial vector anomaly process, G; — Gymp [2]. This
contribution interferes only with the Vi..c, .. term in Eq. (10). It is small in a
hadron collider, but may be nonnegligible in an ete™ collider (such as LEP)
operating well below the resonances. As discussed in Ref. [3], we include the
anomaly contribution by simply adding it to the corresponding technivector
amplitude. The cross section in the neutral channel is given by

do(q;q; — Gmr)
di

- {(|gVG”T< "

+ (19377 (3)]?

VG7TT (é)

2) (i + 0% — 2MEZM2)) (26)

( ) 2) (fQ + 0% — QMéMzT + 4§Mé)} ,

where, for quark helicities A = L, R,

vie N V s 2 Z N
glem ) = % WO Qa5+ A ()
Vr=p% wr v S bW
el 2 2
+ 8#27; ViGry (Q A, + é@w AZW) + Vzar, (Q Ayz + gHW AZZ)
Av.cn . 2¢; .
GO = X (i A ()4 o A, (3)) (27)
Vi My sin 20w

The anomaly factors in Eq. (27) are

Varaomr = Tr |QF, ({Qa,, Qe + {Qa1, QL 3n)| (28)

where Qg , = Qay, £Qq, in Eq. (12). They are listed in Table 2. Note that
2442 — ZMéMfrT = 25p*(1 + cos? #). The G'rr cross section in the charged
channel is given by (in the approximation of a unit CKM matrix)

dé(u;d; — Gr Ta? A2, x . . .
( — ) _ T { ”AE LA, <t2 +4° —2MEME + 43M;)
(29)
el V+G7r ? ~
+ 87‘(‘27]—;—2 VW+G7rTAWW + /)]\T4V kl AWPT <t2 +u 2 QMGM?rT) } .

13



Process ‘ Vo,aorr ‘

v =T 2(Qu + Qp) ey
— 7Y 2(Q8 + Qh) ey
— 7979, (Qu + Qp) ey (1 — 4sin® Oy )/ sin 20y
— 707 ey [1—4(Q% 4+ Q%) sin? O]/ sin 20w
— W*nf (Qu +@p) e /(2sinbw)

7% — yrl (Qu + Qp) ey (1 — 4sin® Oy )/ sin 20y,
— Y e [1 — 4Q% + Q%) sin? O]/ sin 20y
— 7979, —(Qu + @p) ¢, cos 20y [ cos? Oy
— Z07Y | 2¢,1[cos 20 + 4(QF + Q%) sin O]/ sin? 20w
— W*nf —(Qu + @p) e/ (2cos b )

W#* — yrf (Qu + @p) e /(2sinbw)
— Z2°17 —(Qu + Qp) /(2 cos by )
— Wr 0
— WErY ey 1/ (2sin? Oyy)

Table 2: Anomaly factors for GG; — Gaymp for () a transverse electroweak
boson, v, Z° W*. Here, ¢, = cos y and ¢, = cos y'.

The cross section for ¢;q; — f;f; in the color—singlet channel (with m,, = 0
and allowing m; # 0 for ¢ production) is

da—(%@ -7, Z — ff) ]\/vfﬂ-Oé2 N A
di = = {((“_m§)2+m§5) (1P + Disrnl?)

+ ((F=m3)?+mis) (1Dyerl* + |Dm‘RL|2)} . (30)

where

4

sin? 260y

(gi/\QjAZw(é) + Qigj/\'A’)/Z(é)) :

Dipanv(3) = Q:Q; A (3) +
2
sin 20w

Cix Gv Azz(38) (31)

_|_

Finally, the rate for the subprocess u;d; — f]f]’ is

d&(uﬂz - Wt = ff/) Nf7TOé2 . . ' «
di = 12sin? Oy 32 (u—m?)(u—mjz) [Aww ()

. (32)
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4. The Color—Nonsinglet Sector of the TCSM

The elementary particles of our TC2 model are the SU(3); @ SU(3)s gauge
bosons VA and Vi (A = 1,...,8) and the technifermion doublets T} =
(U, Dy) € (3,1,Npc) and Ty = (Uz, D2) € (1,3, Npc) of SU(3)1®@5U(3)2:®
SU(Nr¢). The gauge boson mass eigenstates are the SU(3)¢ gluons g# and
the coloron octet Vgt

4 eV taVy

oo Vi + 9%

A A
VSA — Mgcos&gvfl—sinegvfl, (33)

Vi + 93

where oy = g7 /47 > az ~ ac = g% /47 and gc = g192/1/g} + g3. We shall
assume that, near 1 TeV, SU(3); interactions are nearly strong enough to

= sinfs Vi + cos 05V,

cause top quark condensation. In the Nambu—Jona-Lasinio approximation,
this means ay, = 4ac/sin?205 2 7/2C5(3) cos? O; where (5(3) = 4/3 (see
Ref. [29]). With a¢ =~ 0.1, this requires tanfs; < 1/0.08. In terms of the
SU(3); and SU(3), currents jlf%mm the fermion-gluon—coloron interactions
are

it VM 4 g i Vit = g (Cot 05 j1), — tan 0 ji) Vi 4 go i g™, (34)

where ]i = leu + j2AM is the SU(3)¢ current.

We consider the couplings of both standard [13] and flavor—universal [28]
TC2 models. In standard TC2, top and bottom quarks couple to SU(3); and
the four light quarks to SU(3)z. The fermion parts of the SU(3); 2 currents

are

g = 3TmAaTi+ Y 567 adas

a=t,b

]'QAM = %Tfm)‘AT?‘I' Z %Qa’Yu)‘Aqa- (35)

a=u,d,c,s

In this case, colorons decay strongly to top and bottom quarks and weakly
to the light quarks. In flavor—universal TC2 all quarks couple to SU(3), not
SU(3)z, so that colorons couple to all flavors with equal strength.
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We assume that SU(Nr¢), not topcolor SU(3); @ U(1)y, interactions
dominate the formation of color-nonsinglet pr and 77 states. This is an
assumption of convenience; it may be inconsistent with the requirement that
U(1)y is instrumental in driving the nondiagonal form of the condensates in
Eq. (4). On firmer ground, we assume that techni-isospin is not badly broken
by ETC interactions so that the prs are isosinglets. Then, a useful initial
basis for the ground state prg’s that mix with g and Vg is:

P11 ) = (Ma/2) 5 U1aUss + D1 Dig )1
035 ) = (Aa/2) 5 |U2aUss + Do D )1~
o) = (Aa/2v2)  1Uials + DiaDas + (1 2) -

piy) =i (Aa/2v2) | |Uialzs + DiaDas — (143 2) )= (36)

The first two of these states, p1; and paz, mix with Vg and g. The topcolor—
breaking condensate in Eq. (4), (T1zT2r) # 0, causes them to mix with pj;
and p19r also. The prg mixing with ¢ and Vg is purely kinetic and is governed
by the U(2) matrices Wg’g that diagonalize the TLiTRj condensates. © These
matrices appear, e.g., in the SU(3); current as follows:®

g =L ST Ty Wy Wl Tin + (L= R) +--- . (37)

T=U,D

Even though technicolor may be the strongest of T} 3’s interactions, the
topcolor SU(3); @ U(1); interactions are not weak perturbations; they must
be strong enough near 1 TeV to condense top quarks. Therefore, the U(1),
interactions must be custodial-isospin invariant in the technifermion sec-
tor [33, 34]. On the other hand, the SU(3) interactions of Ty are relatively
weak. Thus, the approximate chiral symmetry of 177 and T5 is

[SUR2)r, @ SU22)r), @ [SU(6)r, @ SU(6)r], - (38)

"The condensate in Eq. (4) breaks SU(3); @ SU(3)s down to ordinary color, SU(3)¢.
The unitary aligning matrices W92 = Wg’D (Wg’D)T. See Ref. [32] for a recent discussion
of vacuum alignment in technicolor, the physics that gives rise to Wg’g. It is likely that
all elements of these matrices are comparable in magnitude. For ecoﬁomy in the default
parameters, we shall take Wg’D =1, so that WU = Wg’D.

8In standard TC2, these currents are parity—violating if Wy, # Wg. In flavor—universal
TC2, the quark currents are purely vectorial because the Wy g are unitary. The same is
always true of the SU(3)¢ currents.
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Then technifermion condensation leads to a number of (pseudo)Goldstone
boson technipions. Although we assume that the technirhos are too light
to decay into a pair of technipions, they may decay into one of them plus
a gluon. The relevant technipions are an isosinglet SU(3)c octet Ty Ty state
and the color-singlet 7% discussed in Section 1. The color—octet state is ?

775 ) = (Aa/2) o5 |UzalU2s + Do Dos o~ - (39)

In the absence of prs mixing, only pyy decays into one of these technipions
plus a gluon. The strength of pyy — gy is controlled by cos y”, where \" is
another mixing angle.

For the straw man model, m7g is assumed to decay into either fermion—
antifermion pairs or two gluons, with the decay rates:

_ 1
D(mrs — ff) 72 Nypy Cgpmi
T
1
[(mrs = gg9) = 198752 af, Cay Nie M. (40)

Here, Cs; is an ETC-model dependent constant. In Ref. [23] the colored
technifermions 73 ; do not couple to quarks and leptons. Accordingly, we
take the default value Csy = 0. To turn on mrg — (;b, set Cgp ~ 1. In TC2
models, the ¢t mode has Cg; >~ m;/m,;. The number of colors of fermion f is
Ny; its momentumis py; ¢ is the QCD coupling evaluated at the technipion
mass; and O3, is an SU(3)¢ Clebsch of order one. We use the color-singlet
sector technipion decay constant, Fr = £} sin xy. The default values of these
and other parameters are tabulated at the end of this paper.

5. prs and Vi Decay Rates

In low-scale technicolor, color-triplet and octet technipion masses are ex-
pected to be a few hundred GeV. As noted, we expect the prs to decay into

9This state is essentially the same as the n7 appearing, e.g., in the one—family techni-
color model [24]. However, and this is an important feature of TC2 models, it does not
have a strong coupling to ¢ and, therefore, does not appear as a resonance in #t production

as described in Ref. [35].
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qq and gg dijets and grp. The energy—dependent two—parton decay rates are
(for p;; mass /s)"

ga fpi] S
go(s — M3,)

i ag
Plpij = 4uga) = = | 0i +

2 1
2m? =
1 a _ 4 2\ 2
( + S ) (3 ma) ,
o%\/g 52’]’

(pi; _ , 41
a0 = L ()
where My, = M7, —i\/sT'y,(s), and T'y, (s) is defined in Eq. (45) below. The
couplings in Eq. (41) are obtained from Eqs. (34-37); for W]%?]D = 0;;, they
are:

B go cot B3 for g, =1,b
g = ( " go tan by for g, = u.d. c.s (standard TC2)
ga = g cot s (flavor universal TC2)
« = % =291 (—3 )
T 47 - NTC
gc
fg =
Yor
_ 290 1 U 2 D 2 . 2
o = 7 il <)o)
29c 2 2 .
o = Ty (4 )~
Gpp SiN 205
o gc Us 117U Dx 117D
oy = m Re [WLH Wi + Wi WL12}
o gc Us 117U Dx 117D
5012/ - m Im [WLH WL12 + WL11 WLIQ} : (42)

It is clear from these expressions how to generalize to W}{’D # 1. We have
assumed that the prs — mpmy coupling g,, is the same for all ground-state

10Zerwekh and Rosenfeld have argued that hidden local symmetry implies prs — gg
is forbidden [36]. However, as Chivukula, Grant and Simmons have shown, hidden local
symmetry is inappropriate for bound state ppg’s. The latter authors do emphasize that
there is some uncertainty in the strength of the pps — gg amplitude [37]. Nevertheless,
we use the canonical decay rate from Ref. [24].
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technirhos, and the same that we have used for color singlets; as usual, we
use the naive largefNTc value. Using Eq. (5), the &,., parameters become

5/)11 = Gor sin 203 i (2 WLII —I_ (WLH) ) - Sin2 03:|

Epor = Gy SiD 293 [i (2 WLII (WLII) ) — sin” ‘93] (43)

$py = \/_g i 20 [WLII WLII) cos oy + WL%I 1 - (Wﬂl)z Cos QbD]
T 3

&, = —% WY 1 — (WE,)2 sindy + WE, /1 — (WE,)? sin ¢

Pt T \/§ng sin 205 Li11 L1 U Li11 L1 Dl -

Only the pgs can decay to gmr; the rates are

Sacp?
F(,Ozz — 97TT8) = 9M82
20 cos? " p?
D(ps = gn¥) = 220X (44)
T 9M2

Here, p = (s — M?2_)/2\/s is the gluon or 77 momentum and Mg is a mass
parameter of order several hundred GeV, analogous to the parameter My in
Eq. (10). So long as mps — gg is the octet technipion’s principal decay mode,
it will be difficult, if not impossible, to detect it in pys decays.

The V4 colorons are expected to be considerably heavier than the prs [29,
31]. Since they couple to quarks, they can decay to dijets; see Eqs (34,35).
In both the standard and flavor—universal models, colorons couple strongly
to Ty}, but with strength go to TyT,. Since relatively light technipions are
TyT; states, we expect I'(Vy — mrrr) = O(ac) and T'(Vs — grr) = O(a2).
In this paper, we make the simplifying assumption that such decays are
irrelevant. 11 Then the Vi decay rate is the sum over open channels of

DV~ qus) = & ( s ) (s - am2)? (45)

where a, = g2 /47 was given in Eq. (42) for the two types of TC2 models we
consider.

1A heavy Vi may be able to decay to technihadron pairs containing 7,7;. We shall not
attempt to include these modes in the Vg’s energy—dependent width. This approximation
is good at Tevatron energies.
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6. Subprocess Cross Sections for Dijets

The subprocess cross sections presented below assume massless initial-state
partons. They are averaged over initial spins and colors. These cross sections
require the propagator matrix describing mixing between the gluon, V5 and
the prs’s. We have assumed that the mixing between gauge bosons and prs is
purely kinetic, proportional to s. There are also mixing terms M7, = Mg ;;
between different prs, induced by 717, condensation. They are given by

Mg = S[IWHP+IWEE M2 = S[o - Wh) - owh ]
M, = %Re [Wﬁ Wl 4+ wp W@] M2

= % |:WI£]11 1 — (W[hy)? cos du + WL%I 1 — (Wi1)? cos QbD] Mg?
M2, = —%Im [Wﬁ WU+ WP W@] M2

_ _%[ng T — (WU )2 sindy + WE, /1= (WD )? sin ¢D] M2

(46)

M2, = %Re [Wg WU 4 wp Wg] M7

= [ WE T VR cos 0+ WEL VT = (WE)? con ] M
M2, = %Im [Wg WU+ WP W{;] M2

= % |:WI£]11 1 - (WIEJH)Q sin ¢y + WL%I 1 - (WBI)Q sin QbD] MEIEZ
M122,12/ = —%Im[(Wg)z + (WB)Z] ME/;Z

= S WED2 sin 260+ (1= (WE, ) sin 20| 122

Here, M} is another technicolor scale mass parameter of order Ms. In the
second equalities, we assumed W}{’D = 1 and used Eq. (5)). The g-Vz—p11—
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pao—pP1a—p12 propagator is the inverse of the symmetric matrix

S

0

8= %/g 8 5011 8 5022 8 5012 8 5012/

0 s&, s&, 0 0

2 2 2 2
5&py, s — Mj, _M11,22 _M11,12 _M11,12'

2 2 2 2
5 €0y _M11,22 s — M, _M22,12 _M22,12'
2 2 2 2
5&p1, _M11,12 _M22,12 s — Mj, _M12,12/
2 2 2 2
S 5012/ _M11,12/ _M22,12/ _M12,12/ s = 12/
(47)

Here, M} = M7 —i/s Ty (s) uses the energy—dependent widths of the octet
vector bosons. The following combinations of propagators are used in the
parton—parton cross sections (here, ¢, = u, d, ¢, s or t,b):

Dyoq(3)
s)
)

S

AQQ(
an.g(

Agy(s)

o T a
DM@>+(9 %)z%%@>+9§90%%@>

gc gc
s Dgg(s) — 1
Ja
Dgg(s) + = Dyvq (5)
gc
$Dy(s) — 1. (48)

The subprocess cross sections for 2 — 2 scattering of light quarks w,d, ¢, s,b
and gluons are given by (here ¢, # ¢):

da—(@aQa — @)Qb)
dt

A6 (quqs — qaqp)
dt

d6(Gaqa = Gaqa)
dt

d6(Gaqa = Gaqa)
di

2
Amag

9§2 |DQaqb(‘§) ’ (ﬁz —I_ tAz)

da—(@a@b — QaQb) 47[-05%’ >
di = 032 ‘anqb(t)

@+ )

2
Amag,

97 {|anqa(§)|2 (ﬁz + 1?2) + ‘anqa(f) i

#+5)
-2 Re (D () 2;,00)

A6 (GuGa = Gaqa)
di
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do(99 — Gaqa)
di

d6(qug — ¢a9)
di

dé (g9 — g9)
di

2 N

~ZRe (Dyoy (D) D, (1)) 52} (52)
9 d6(4u9. — 99)
32 di
3mal [4 (a4 1 a2 2

=+ ) - A
852 {9 (t—l_ﬁ) 32 52 | qag(s)
(53)




2 A
+ |A99(u)

AN 2
tu N
+ 4 (é_z) “Agg(t)

For massless partons, { = —25(1 — cos0) and & = —13(1 + cos 0) where 0 is
the cm scattering angle.

> | Re (A;g(i)Agg(a))] } . (54)

The cross sections for top quark production are:

d6(Guqs — 1t) Ara? . X 2 N 2 )
df = 9§4C Sant(S) 2 [(u — mf) -+ (t — mf) + 2771?8] (55)
dé(gg — tt)  3mad, 4 (t —m2) (4 — m?) — 2m2(f + m2)
dt S8 9 (f — m2)?
(L = mi) (i = mf) — 2mi (i + mf)
(it — m?)?
| (F = m?) (&t — m?) +m? ({ — i) Re(Agy(5) — 1)
S — )
N (f —mf)(i —m?) +m(i — ) Re (Ay(3) — 1)
§(t — m3)
2 . m? (5§ — 4mj3)
= —mA)(a—m?) ||AL ]+ 1] — ! ¢ }
(= m)i —mi) [ A +1] 3= ) )

Here, { = m? — 15(1 — By cos0) where 8, = (/1 — 4m?/s.

7. Hadron Collider Phenomenology

In this section, we concentrate on the phenomenology of the color—octet
sector of the TCSM. The color—singlet sector has been studied in Refs. [1,
3,4, 5,6, 7,16, 17, 21]. Numerical results are presented for the Tevatron
collider, since new strong interactions may be visible there if they are related
to electroweak symmetry breaking and the top quark’s mass. Our results are
readily generalizable to the LHC.

The impact of the coloron V5 on high-pr scattering has been explored in
the past [31, 38, 39] and, by itself, it is easy to understand. The improvement
in the present approach is to include the full propagator structure, with an

23



energy-dependent width 'y, (s) for the coloron. The simplification of treating
coloron-exchange as a contact term is appropriate when the coloron is very
heavy and /sT'y,(s) < My,.

Let us first ignore the subleading effects of kinetic mixing with the color—
octet technirhos. Then, in fermion scattering processes, the coloron appears
as a modification to the gluon propagator which may depend on the fermion
generations. For standard TC2, there is an enhanced coloron coupling to
b and ¢ quarks, which changes the gluon propagator connecting pairs of

fermions to
1 S

D =—|1- . 57

qt(S) S s — MX2/8 o i\/EFVS(s) ( )

In the limit My, > my, the energy dependent width scales as y/s. For the
“NJL-inspired” value of the topcolor SU(3) mixing angle, tan 3 = /.08, the
coloron width is roughly /s/3. Below resonance, the coloron interferes con-
structively, and can thus manifest itself as an energy—dependent enhancement

of the b or t quark cross sections. The invariant mass distribution of top quark
pairs My was measured by both CDF and DO [40, 41], and it constrains
the values of My, and tan 3 (the latter dependence arises indirectly through
the coloron width). Roughly, these measurements are consistent with a col-
oron mass near 1 TeV, with little restriction on the value of tan f5. '* From
the Mj, distribution, CDF [19] excludes standard TC2 colorons in the mass
range 280 — 670 GeV for 'y, /My, = 0.3. The limit worsens as the width is
increased, essentially vanishing for I'y, /My, > 0.7.

For flavor—universal TC2, there is an enhanced coloron coupling to all
flavors of quarks:

1 1 E
D,y(s)=—|1 .
o' (5) s + tan® 05 s — My, — iy/sT'y,(s)

(58)

In contrast to standard TC2, the coloron interferes destructively below reso-
nance, almost cancelling the simple gluon exchange at /s = My, sin f3. Fur-
thermore, the on—mass—shell coloron width is comparable to its mass for our
default choice of parameters. We shall see below that consistency with the
CDF and DO data tends to require a universal coloron mass of several TeV, in

12This and the following statement for the universal coloron are based on basic fits to
the public Run I data, but a more systematic analysis is needed. There are no published
results on limits for wide resonances in the #t system.
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agreement with the D@ limit resulting from dijet measurements [31]. Despite
the fact that the interference occurs for all flavors of quarks in flavor—universal
TC2, the My distribution itself ultimately may be the most constraining,
because of the relative importance of gg annihilation to other partonic pro-
cesses. In dijet cross sections, many different subprocesses contribute, some
with s—channel gluon exchanges (which are destructive below resonance) and
some with ¢ and u—channel exchanges (which are constructive).

While the coloron phenomenology is straightforward, the effects of the
color-octet technirhos are less transparent. To simplify the discussion, we
consider first the case of a coloron and a single technirho mixing with the
gluon and coloron. The inverse propagator matrix describing the gluon—Vg—
PTs MIXING 18

e 0 s€
D)= 0 s—my s | (59)
s& s&’ s — M
where § = £, and ' = {,,, set the strength of the kinetic mixing. The cross

sections depend on the propagators (see Eq. 48):

(s = MF)(s = M) — 6% 1 s(s — M, )¢

D,, = - 60
9 DetDy? s T DetDy? (60)
8255/
D = 61
Vs DetDO—I ( )
s(s — M2) — s2¢? 1 §3E7?
Dyyvy = ( p)—1 ‘ = 5y T 2f — (62)
DetDy (s =M3.) (s — M3, )DetDy

DetDy" = s(s — My )(s — M7) — s°(s¢" + (s — M7,)E).- (63)

When written in this form, the gluon and coloron components are approxi-
mately separated from the technirho’s.

The ¢t cross section involves Dy, which depends on the specific model.
For standard TC2, it has the form

1 1

Dy=—— ———
T s s — ./\/l%/8 +
1 2\ g2 20 ¢t 1 535/2
_— — —tan 6 — . 64
Deth1 s(s Vg)f 578 (— tan O + tan (93) S — ./\/l%/8 (64)
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The technirho phenomenology is determined by the last term. Taking p =
P22, €.g., this can be written as £%s? times the dimensionless quantity

1— W2 ? 1 — W2
=r —tan®6 — =1 1 —tan?fs) | ——— — 1 65
N=r an” fs/r (2 sin? 65 ) o an” 0s) (2 sin? 6, ) » (69)

with r =1 — M3, /s and we put W = W{| = W{j.

For small coloron-technirho mixing, £ > [£'|, the technirho contribution
to D, reduces to /(s — ./\/li), yielding the behavior of a narrow resonance.
For comparable ¢ and ¢, the maximum of Dy near s = ZWP2 is no longer just
inversely proportional to I',, but also depends on ¢”I'y,/r?. The effective
technirho width is larger and the cross section is smaller, depending on the
mixing and coloron properties. Furthermore, certain relations may exist
among the parameters in A" that weaken the resonant behavior. For example,
the numerator vanishes for r = &'/ tan b3 or r = —¢'/€ cot 3. We generally
expect that technirhos are lighter than the coloron, so only the latter solution
is relevant. This relation is difficult to satisfy unless W is small. As an
example, for W = 0, r = (1/.4)%, and tanf; = 0.295, we have N' = 0.
Similar remarks hold in the case of the flavor—universal coloron, where the
simplified propagator has the form

1 cot? 0
D=Ly o
S S — Vg
1 9\ 2 5 5267 cot? 05
DetD! s(s — My )& + 2576 cot 03 + v (66)
In particular, the same condition, r = —¢&'/£ cot 65, makes the numerator

factor corresponding to A vanish.

While this one—technirho example illustrates the propagator structure,
the full TC2 model’s additional prs’s and their mixing can lead to substan-
tially more complicated spectra. In addition, the pss can have significant
gm and gmrg decay rates that decrease the cross section on resonance. The
resultant phenomenology can be quite rich. Here, we focus on a several
benchmark models that demonstrate some interesting features. For further
background, we note that CDF placed limits on the additional cross section
from narrow resonances (I'/M < 0.1) in the Mg, [19] and My [40] distribu-

tions. For invariant masses less than about 550 GeV, Mg, is more sensitive,
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while My, is more sensitive above. Neither of these Run I limits excludes
a single, isolated technirho in either the bb or ¢ channels. It is not a triv-
ial matter to apply these limits to the cases when several technirhos have
comparable mass or when the coloron is relevant.

P,0:Py;:V=2:3:5, 18,=0.3, W ,=1/V2

160 [~ T Sandard Modar ]
140 [ Standard TC2 _ 3
r — p22—0.4 TeV ]
=120 - == p,,=0.5TeV E
o 100 & == p,,=0.6 TeV E
> r ]
O 80 -
) n .’"\\ ]
Q 0 N E
. 40 N =
5} r N R ]
Q. 20 - \‘\\.x - 7\ .
- r \.\' o - - \ ]
I_Q : S | | L AW fdere 1 " N _— :
g8 ° g 29 ' ] standard Model 1
g 0fF \X — p,,=0.5TeV, 19,=0.4
— 60 - N - - Ww,=03 =
A C QY - _ 1
8 s50- X, - 19,204, W,,=03 -
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Figure 1: Invariant mass distributions of top quark pairs My compared to
the standard model distribution for several choices of parameters in standard

TC2.

Benchmark I: Standard TC2—Mjy with various M, ,

This benchmark studies effects from Standard TC2 on the invariant mass
distribution of ¢t pairs produced at the Tevatron in Run I (y/s = 1.8 TeV and
f Ldt =100pb~"). The curves were generated using PYTHIA, but only at the
parton level, and with no efficiency or resolution effects. The masses of the
pa22, p11 and Vg were fixed in the ratio 2:3:5, with the p15 and py; degenerate in
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mass at the average of M,,, and M,,,. > We set the mass M,,, = 300 GeV.
Initially, we choose tanfs; = 0.3 and W = 1//2; all other parameters are
given by their default values in Table 3. For normalization, the standard
model distribution is shown as the filled histogram in Fig. 1. As M,,, (and
hence all other masses from the fixed ratio) is increased from 0.4 TeV (solid
line, upper panel) to 0.5 TeV (dashes) to 0.6 TeV (dash—dot), narrow peaks
occur with roughly the same relative enhancement over the standard model
distribution: the value of N' = —3.33 is the same at /s = M,,, in each
case. The absolute size of the peaks decreases with increased mass because
of the decreased partonic luminosity. We also studied the dependence of
these results on W and tan#fs for a fixed value of py; = 0.5TeV (lower
panel). First tan s is increased (solid) with all other parameters at the
baseline value, second W is decreased (dashes) with all other parameters at
the baseline value, and third both tan 63 and W are varied simultaneously
(dash—dot) with all other parameters fixed. In these last three cases, the value
of N at /s = M,,, varies from —4.55 to —0.80 to —3.16, which is reflected
in the relative height of the peaks. The latter should be compared to the
baseline value of N' = —3.33. Note that none of the individual resonances is
excludable with Run I data; a full shape analysis may be sensitive to the first
set of parameters (upper panel, solid line). A promising model-line for study
by the experiments is to vary M,,, with the mass ratio fixed and for specific
values of W and tan#;. It would also be interesting to vary the parameter
M{, which induces hard mixing between the prs’s in Eq. (46). As apparent
from the plots, the technirho pole masses are shifted from the value of the
input mass parameter because of the off-diagonal terms there.

One can also consider the bb final state to complement the ¢ distribu-
tions. While there are several sources of bb production, the largest effect
is expected to occur in the direct production mechanism. This can be iso-
lated by requiring two, high—pr, b—tagged jets that are balanced azimuthally
(A¢ ~ m). While such a search would give sensitivity to prs states below the
tt threshold, it would not greatly improve the search for higher mass states.
Benchmark II: Flavor—Universal TC2—Mj with various M,

This benchmark studies the impact of flavor—universal TC2. The pa-
rameter choices are identical to the case of Benchmark I for standard TC2,

13This pattern of technirho masses is assumed throughout the rest of this analysis, and
1s motivated by a valence technifermion approximation.
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Figure 2: Invariant mass distributions of top quark pairs Mz compared to the
standard model distribution for several parameter choices in flavor—universal

TC2.

except that the masses of the pss, p1; and Vg fixed in the ratio 2:3:15, be-
cause of the coloron’s stronger coupling in these models. The results are
displayed in Fig. 2. The My distribution is distorted both by the pres-
ence of narrow prg’s and the destructive interference between the gluon and
coloron—even though the flavor—universal coloron has a mass of 3-4.5 TeV!
As in the first benchmark, none of the individual technirho resonances can
be excluded with Run I data. The case M,,, = 0.4TeV corresponds to the
My, tan ;3 = 0.84 TeV limit set from the DO dijet data by Bertram and
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Simmons [31] without including the prs’s.
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Figure 3: Similar to Fig. 1, but showing the variation with coloron mass.

Benchmark III: Standard TC2—M;; with various My,

This benchmark demonstrates the variation with the coloron mass in
standard TC2. The technirhos are fixed at the mass values of M,,, = .35TeV,
M, = .55TeV, and M, ,, = .45TeV. This is specifically chosen so that
the pas is below the ¢t threshold; the resultant peak in My, (not shown here)
is consistent with the Run I limits discussed earlier [19]. The results are
shown in Fig. 3. For these choices of parameters, narrow resonances appear
near M, , and M,, . The appearance of two significant peaks for a lower

value of tan f3 = 0.2 (upper panel, dash-dot) may be excludable by a multi-
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resonance analysis, but is presently allowed by the Run I data. A promising
model-line for this benchmark is to vary the technirho mixing through W
and tan #; with all other masses fixed. For extreme values of the coloron
mass, this will become similar to Benchmarks V and VI described later.
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Figure 4: Similar to Fig. 2, but showing the variation with coloron mass.

Benchmark IV: Flavor—Universal TC2—M; with various My,

The parameter choices here are similar to that of Benchmark III for stan-
dard TC2, except that the colorons are heavier. The results are shown in
Fig. 4. As in Benchmark III, there are narrow resonances, but destructive
rather than constructive gluon—coloron interference. The standard model in-
variant mass distribution is greatly distorted, except for the case of a heavier
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p11 (lower panel, dash—dot). The coloron mass My, = 3TeV in this case is
consistent with the limit obtained by Bertram and Simmons.
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Figure 5: Dijet Invariant mass distributions compared to the standard model
distribution for flavor universal TC2 with a heavy coloron, but light tech-
nirhos.

Benchmark V—Universal TC2 jets with large My,

Our last two benchmarks illustrate the effect of flavor—universal TC2 on
light—parton dijet mass distributions. For the first, the coloron is taken heavy,
and we focus on the lighter technirho resonances. This corresponds to the
CDF search in Run I for a single (pre-TC2) color octet technirho [18]. Dijets
in this study were required to have |cos 0| < 2/3 and |n| < 2.5 for the cms
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scattering angle and rapidity. The search excluded a prg resonance in the
mass range of 260 — 480 GeV. The standard model prediction is shown in
Fig. 5 by the solid histogram. The first two curves are for technirho masses

of M,,,,, = 300,400 GeV (solid) and M,,, ,, = 350,450 GeV (dashes). As
before, M, ,, is taken as the average of these. Significant features appear in
the invariant mass distribution, but shifted from the input M, because of
mixing effects in the 6 x 6 propagator matrix. The 300 GeV pys sits on too
much background to be visible, i.e.; in this model it could not be excluded
by the CDF search in Run I. The last four curves treat the case of only one
light technirho and, as expected, they exhibit resonant structure quite near
the input mass. A promising model-line is to start with nearly equal values
for M,,, and M, . and slowly increase M, , until the single technirho limit
is reached. Also, the sensitivity to mass splitting and the mixing parameter
M, should be considered.
Benchmark VI—Universal TC2 jets with moderate My,

The last benchmark studies the effect of a coloron from flavor—universal
TC2 on the dijet invariant mass distributions. In Run I, CDF [18] and
D@ [43] excluded a flavor—universal coloron with masses less than 759 — 980

GeV, depending on tanfs. We have chosen M, ,, = 450, 550 GeV, but
they have little effect on the distribution. The main parameters are the
coloron mass and coupling. For My, = 1.5TeV and tanf; = 0.3 (upper
panel, solid), there is a significant enhancement over the standard model
distribution. However, for My, = 2TeV (dashes) and 2.5 TeV (dash—dot),
there is little distortion. Note that, for ordinary dijet production, the effect of
a flavor universal coloron below resonance is to increase the cross section (see
also [42]). This is because of the dominance of ¢ channel coloron exchange in
the QCD subprocesses, which cannot interfere destructively.

We have presented numerical results for Tevatron Run I to indicate,
crudely, the range of TC2 parameters allowed by the data. Much more
systematic studies need to be carried out for the parameter ranges allowed
by existing data and the reach anticipated for future data. These studies
should include detector effects, efficiencies, etc. The expected improvement
from Tevatron Run II will be statistical, resulting from the increased beam
luminosity and partonic luminosity at larger x. Since the standard model #t
cross section increases similarly, the relative importance of colorons or tech-
nirhos is basically unchanged. To make one more contact with Run I studies,
we show in Fig. 7 the expected contribution of a single, narrow technirho to
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Figure 6: Similar to Fig. 5, except considering light colorons.

the ¢¢ distribution (simulated by making the other technihadrons and coloron
very heavy). This case is unrepresentative of any TC2 model.

Finally, in our examples, we focussed on TC2 effects on standard model
final states. The decays prs — gm% and gmrg were included when calculating
the prs width, but the direct production of prg followed by the subsequent
decay 77 was not. A direct search for pps — gy — gbb would be challenging.
The default decay of g, motivated by certain TC2 models, is to two gluons.
This is probably impossible to isolate above backgrounds. Nevertheless, a
search for myg — bb (or even tt) would be worthwhile.
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Figure 7: The additional cross section (in pb) from a narrow technirho reso-
nance in a 50 GeV bin of the ¢t distribution for the Tevatron Run II.

8. Discussion and Conclusions

In this paper, we improved and extended the technicolor straw man model
for testing low—scale technicolor, i.e., the notion that dynamical electroweak
symmetry breaking requires a large number of electroweak doublets of tech-
nifermion and, therefore, that the technicolor energy scale may be only a few
hundred GeV. The improvements were made to the color—singlet sector of
the TCSM, and are largely applicable to ete™ colliders operating below the
narrow pr and wr resonances expected at several hundred GeV. The princi-
pal signals here are m7 production—either in association with a v, W, or
Z°, or in pairs—or a narrow (T/~ resonance.
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We extended the TCSM by including a color-nonsinglet sector. This is
based on models of topcolor—assisted technicolor in which topcolor is broken
by technifermion condensates. This approach, summarized in Section 1, is
still the only fully—described dynamical scheme for generating the top quark’s
mass. It, too, requires low—scale technicolor. Although the naturalness of
TC2—the requirement that topcolor gauge boson masses, My, and Mz, not
be much larger than 1 TeV—is challenged by B—meson mixing measurements,
there is enough room to evade those constraints that other, independent tests
of TC2 are needed. Hadron collider experiments are particularly incisive.
There, production of ordinary jet and #t and bb pairs may reveal color octet
prs and Vg resonances, the latter for subprocess energies well below My,.
We considered both variants of TC2, the standard version proposed by Hill
in which the coloron couples strongly only to top and bottom quarks, and
the flavor—universal TC2 advanced by Simmons and her collaborators. For a
large and probable range of TCSM parameter space, the effects of these two
variants on {¢ production are striking, and strikingly different.

All of the color—singlet and nonsinglet processes discussed in this pa-
per are now included in the event generator PYTHIA. This should provide
many happy hours of detailed studies by experimental collaborations at the
Tevatron and the LHC, as well as refined reanalysis of data from LEP and
opportunities for those yearning for studies of nonsupersymmetric physics
in the TeV region of a linear ete™ collider. An application to LEP physics
was presented in Ref. [3]. To illuminate our discussion for hadron colliders,
we considered several benchmark parameter sets and studied their effect on
observables for Tevatron Run I conditions. Our parton—level studies with
PYTHIA are qualitative. A quantitative discussion of jet or heavy quark ob-
servables requires detailed simulations, including features of real detectors
and running conditions. We are encouraged that, where a comparison is pos-
sible, our numerical results are in reasonably good agreement with published
Run I limits on colorons and technirhos.

Top quark pair production at the Tevatron is an ideal probe for top-
color, TC2 and other new dynamics associated with producing m;, since
the final state is distinctive and it is produced through strong interactions
dominated by valence quark annihilation. There is great sensitivity to the
coloron even far below resonance. Furthermore, signals for the technirhos,
which are expected to be lighter than the coloron, are sensitive to the col-
oron mass through mixing effects. For standard TC2, the coloron interferes
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constructively with the gluon in s-channel processes, and enhances the pro-
duction cross section, fairly independently of the SU(3) mixing parameter,
tan 05. Without including relatively light prs, the Run I lower bound on the
standard TC2 coloron mass is My, > 1-2 TeV. On the other hand, there
is a significant reduction of the cross section for flavor—universal TC2. This
effect is further enhanced by the direct appearance of tan#fs in the effec-
tive couplings between light and heavy quarks. The Run I coloron bound is
My, > 3-4 TeV, depending on tan 3. Since prs are expected to be lighter
than the coloron, their appearance as narrow peaks in heavy or light quark
pair production places more stringent bounds on the coloron mass in either
model.
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Appendix A: Default Values for Parameters

The suggested default values of the parameters used in this note are listed

in Table 3.

‘ Parameter ‘ Default Value ‘ Parameter ‘ Default Value ‘

NTO 4 OépT(NTc/g) 2.91
sin 3 sin 1//6
Qu 3 @p=CQu—1 :
Ch,c,b 1 Chy mb/mt
Clzg % € e 0.05
Fr=F,siny 82 GeV Mv 4 200 GeV
MP%MTWOT 210 GeV MW;{EJ%J%/ 110 GeV
sin " 1/v2 tan fs V0.08
Css.e bt 0 ngg %
M., 250 GeV My, 500 GeV
M,, 400 GeV M,,, 300 GeV
Piarat 350 GeV Mg, M}, 250 GeV
Wﬁ? 1/\/5 oU,D 0

Table 3: Default values for parameters in the Technicolor Straw Man Model.
As in Refs. [1, 15], the technipion decay constant is Fp = F,siny with a
default value of 82 GeV, and the py — w7y coupling is a,, = 2.91(3/Nr¢).
The default model is standard TC2 [13]. We have set Wg'” = 1 and used

Eq. (5) for the matrix elements W7 .
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